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Characterization of quantitative trait loci for growth and meat quality in a
cross between commercial breeds of swine
Abstract
A three-generation resource family was created by crossing two Berkshire grandsires with nine Yorkshire
granddams to identify QTL affecting growth, body composition, and meat quality. A total of 512 F2 offspring
were evaluated for 11 traits related to growth and body composition and 28 traits related to meat quality. All
animals were initially genotyped for 125 markers across the genome. The objectives of this advanced phase of
the project were to further identify and characterize QTL after genotyping for another 33 markers in special
regions of interest, and to develop and apply methods for detecting QTL with parent-of-origin effects. New
marker linkage maps were derived and used in QTL analysis based on line-cross least squares regression-
interval mapping. A decision tree for identifying QTL with parent-of-origin effects was developed based on
tests against the Mendelian mode of expression. Empirical significance thresholds were derived at
chromosomewise and genomewise levels using specialized permutation strategies to create data under the
null hypothesis appropriate for each test. Significance thresholds derived by the permutation tests were
validated based on simulation of a pedigree and data structure similar to the Berkshire-Yorkshire population.
The addition of 33 markers resulted in the discovery of 29 new QTL at the 5% chromosomewise level using
the Mendelian model of analysis. Thirteen of the original QTL were no longer significant at the 5%
chromosomewise level. A total of 33 QTL with parent-of-origin effects were identified, including QTL with
paternal expression for backfat and loin muscle area on chromosome 2, near IGF2, and QTL with maternal
expression for drip loss and reflectance on chromosome 9. Tests for imprinting against Mendelian expression
identified much fewer QTL with parent-of-origin effects than tests based on significance of paternal and
maternal alleles, which have been used in other studies. The detected QTL and their identified mode of
expression will allow further research in these QTL regions and their utilization in marker-assisted
improvement of meat quality.
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ABSTRACT: A three-generation resource family
was created by crossing two Berkshire grandsires with
nine Yorkshire granddams to identify QTL affecting
growth, body composition, and meat quality. A total
of 512 F2 offspring were evaluated for 11 traits related
to growth and body composition and 28 traits related
to meat quality. All animals were initially genotyped
for 125 markers across the genome. The objectives
of this advanced phase of the project were to further
identify and characterize QTL after genotyping for an-
other 33 markers in special regions of interest, and to
develop and apply methods for detecting QTL with
parent-of-origin effects. New marker linkage maps
were derived and used in QTL analysis based on line-
cross least squares regression-interval mapping. A de-
cision tree for identifying QTL with parent-of-origin
effects was developed based on tests against the Men-
delian mode of expression. Empirical significance
thresholds were derived at chromosomewise and ge-
nomewise levels using specialized permutation strate-
gies to create data under the null hypothesis appro-
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Introduction
Genome scans based on anonymous genetic markers
have been used to detect chromosomal regions with
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port was provided from the Iowa Agric. and Home Econ. Exp. Stn.,
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Fernando, and M. Georges on aspects of this work are greatly ap-
preciated.
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2213
priate for each test. Significance thresholds derived by
the permutation tests were validated based on simula-
tion of a pedigree and data structure similar to the
Berkshire-Yorkshire population. The addition of 33
markers resulted in the discovery of 29 new QTL at
the 5% chromosomewise level using the Mendelian
model of analysis. Thirteen of the original QTL were
no longer significant at the 5% chromosomewise level.
A total of 33 QTL with parent-of-origin effects were
identified, including QTL with paternal expression for
backfat and loin muscle area on chromosome 2, near
IGF2, and QTL with maternal expression for drip loss
and reflectance on chromosome 9. Tests for imprinting
against Mendelian expression identified much fewer
QTL with parent-of-origin effects than tests based on
significance of paternal and maternal alleles, which
have been used in other studies. The detected QTL and
their identified mode of expression will allow further
research in these QTL regions and their utilization in
marker-assisted improvement of meat quality.
quantitative trait loci for traits of economic impor-
tance. These genome scans have revealed regions con-
tributing to genetic variation and have provided in-
sight into forms of gene action. Most studies have
searched for QTL with a Mendelian mode of expres-
sion, although knowledge of other modes of expression
is important for medical and agricultural applications.
Recent studies have focused on the detection of QTL
or genes with gametic imprinting or parent-of-origin
effects, where expression depends on origin of the pa-
rental allele (Tycko and Morison, 2002). Some exam-
ples of gametic imprinting effects in livestock have
4Present address: ETH, Zurich, Switzerland.
5Correspondence: 225CKildeeHall (phone: 515-294-7509; fax: 515-
294-9150; e-mail: jdekkers@iastate.edu).
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been described. De Vries et al. (1994) found evidence
for genetic variance associated with gametic im-
printing in three pig populations for growth rate and
backfat thickness. Knott et al. (1998) were the first
to search for imprinted QTL in a genome scan. They
inferred imprinting when effects differed significantly
from Mendelian expression. Jeon et al. (1999) and
Nezer et al. (1999) found paternal expression for mus-
cularity in the IGF2 region of chromosome 2 in pigs.
De Koning et al. (2000, 2001a,b) modified the approach
of Knott et al. (1998) and reported a large number of
imprinted QTL for growth and meat quality traits in
pigs. They inferred paternal (maternal) imprinting if
only one parental allele (maternal or paternal) had a
significant effect.
DeKoning et al. (2002) demonstrated that successful
detection and inference on themode of QTL expression
puts greater demands on statistical tests and their
interpretation. Therefore, the purpose of this research
was to further develop tests for parent-of-origin effects
and to implement them to characterize QTL for growth
and meat quality traits in an extended genome scan
of a previously reported cross between two commercial
breeds of pigs, the Berkshire and Yorkshire (Malek et
al. 2001a,b).
Materials and Methods
Population Structure and Phenotypic
and Molecular Data
A three-generation resource family was developed
from a cross between two purebred Berkshire sires
and nine Yorkshire dams. Eight F1 boars and 26 F1
sows were used to produce 527 F2 animals, of which
512 were used in this study. Details about manage-
ment are in Malek et al. (2001a). A total of 39 traits
related to growth, carcass composition, and meat qual-
ity traits were collected on the F2 animals, as described
in Malek et al. (2001a,b). Phenotypic relationships
among traits are described in Huff-Lonergan et al.
(2001).
A genome scan based on 125 microsatellite markers
across the genome to detect QTL with Mendelian ef-
fects was conducted by Malek et al. (2001a,b). To in-
crease the number of informative meioses in special
regions of interest that appeared to harbor QTL in the
initial scan or that had limited marker coverage in the
original scan of Malek et al. (2001a), all animals were
genotyped for 33 microsatellite markers (SSC01:
S0316, SW781, SW373; SSC02: SW1686, S0565,
S0404, SW2443, SWC9; SSC04: SW445, SW856;
SSC05: IGF1, SW1954, SSC06: SW1302, SSC07:
SW2040, SW632; SSC08: SW1843; SSC09: S0024,
SW2401, SW174, SW1651; SSC10: SW1991; SSC11:
S0391; SSC12: SWC23; SSC13: SWR428, SW2440;
SSC14: SWC6, SW2515; SSC15: SW1262, SW120,
SW1339; SSC17: SW2441, SW2431: SSC18: SW787,
S0120; SSCXY: S0022). Additional markers were se-
lected from previously published maps (Rohrer et al.,
1996; http://www.marc.usda.gov/genome/genome.
html, accessed February 28, 2004) based on location
and informativeness.
QTL Analysis
Marker linkage maps were derived using Cri-map
(Green et al., 1994). The flips and all options were used
to get the best order of themarkers and the fixed option
was used to obtain map distances.
Statistical Models. The line-cross approach of Haley
et al. (1994) was used to calculate probabilities Pkl(j)
of parental and breed origin of alleles for each individ-
ual j in the F2 generation at every 1-cM position along
the genome based on multimarker data, where Pkl(j) is
the probability that the jth F2 individual’s paternal
and maternal alleles for the putative QTL at the posi-
tion originated from breeds k and l (k, l = B [Berkshire]
or Y [Yorkshire]). These probabilities were then used
to derive the following coefficients for fitting additive,
dominance, paternal, and maternal effects in a least
squares regression interval mapping approach, follow-
ing de Koning et al. (2000):
Additive coefficient: Padd(j) = PBB(j) − PYY(j)
Dominance coefficient: Pdom(j) = PBY(j) + PYB(j)
Paternal coefficient: Ppat(j) = (PBB(j) + PBY(j))
− (PYY(j) + PYB(j))
Maternal coefficient: Pmat(j) = (PBB(j) + PYB(j))
− (PYY(j) + PBY(j))
Following de Koning et al. (2000), these coefficients
were then used to fit the following models at each 1-
cM position across the genome using least squares
linear regression:
full model: yj = j + apatPpat(j) + amatPmat(j) + dPd(j) + ej
where yj is the trait phenotype of animal j; j repre-
sents fixed effects, whichwere as described byMalek et
al. (2001a,b); apat, amat, and d are paternally inherited,
maternally inherited, and dominance effects of the
QTL, which are to be estimated; and ej is a residual.
Mendelian model: yj = j + aPadd(j) + dPd(j) + ej
where a is the additive effect of the QTL and other
variables are as described previously.
paternal expression model: yj = j + apatPpat(j) + ej
maternal expression model: yj = j + amatPmat(j) + ej
null model: yj = j + ej
Note that the Mendelian, paternal, and maternal
models are special cases of the full model by setting
apat = amat= a, amat = d = 0, and apat = d = 0.
Statistical Tests. To identify QTL and to determine
their mode of inheritance, the alternative models were
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Figure 1. Decision tree used to determine presence and mode of inheritance of QTL based on a sequence of tests
involving the full, Mendelian (Men), paternal (Pat), maternal (Mat), and the no QTL (null) models. The Mendelian
model is used as the base model.
tested against each other in a sequence of tests follow-
ing the decision tree in Figure 1. Statistical tests—
based on an F-statistic that compared the residual
sums of squares of a reduced model to those of the
larger model—were used at each point in the decision
tree. Significance thresholds for each test were derived
using the permutation tests described below. The ra-
tionale behind the sequence of tests conducted in the
decision tree of Figure 1 is that Mendelian expression
can be considered the a priori model for gene expres-
sion and that parent-of-origin effects should be in-
ferred only if the effect of the maternal and paternal
alleles is significantly different from each other within
the QTL region. Thus, as a first step, the Mendelian
model was tested against the null model (Figure 1).
For chromosomal regions where this test was signifi-
cant, the full model was then tested against the Men-
delian model at each position within that region to
identify evidence of parent-of-origin effects. If not sig-
nificant, a Mendelian QTL was declared. If significant,
tests of the full against the paternal and maternal
expression models were conducted within the region
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to determine the nature of the parent-of-origin effects.
If the full model explained significantly more variation
than the paternal model and the full model did not
explain more variation than the maternal model, then
the paternal contribution was not significant (apat =
0) and a maternally expressed QTL was inferred. A
paternally expressed QTL was inferred vice versa
(amat = 0). Partial expression was inferred if both tests
were significant, which, combined with tests con-
ducted earlier in the tree, indicates that the parental
alleles were expressed but to a different degree (apat
≠ amat but apat ≠ 0 and amat ≠ 0) (de Koning et al. 2002).
In principle, both tests can also be not significant,
although this is not likely if a significant QTL was
detected in the region using either the Mendelian or
the full model.
For chromosomal regions where the Mendelian
model was not significant, the full model was tested
against the null model to identify QTL that were not
detected by the Mendelian model (Figure 1). If signifi-
cant, the nature of parent-of-origin effects were deter-
mined as described previously. In all cases, final esti-
mates of QTL effects and position were derived using
the inferred mode of expression.
Significance Thresholds. Empirical significance
thresholds were based on 10,000 data permutations
and derived at the chromosomewise and genomewise
levels for the following five representative traits: car-
cass weight, last-rib backfat, loin muscle area, choles-
terol content, andmarbling. Average thresholds across
these five traits were used for significance testing of
all traits, following Malek et al. (2001a). Thresholds
for tests against the model with no QTL (Mendelian/
null, full/null, paternal/null, and maternal/null) were
obtained by shuffling all QTL coefficients at each posi-
tion (Padd(j),Pdom(j),Ppat(j), andPmat(j)) against the pheno-
typic data and their corresponding fixed effects and
covariates. For tests of the full model against the Men-
delianmodel, permutated datawere created by switch-
ing the paternal andmaternal breed-origin coefficients
within each individual j, Ppat(j) and Pmat(j), with 50%
probability. This created data under the Mendelian
model, in which the paternal and maternal effects are
expected to be equal (apat = amat) but any Mendelian
QTL effects, if present, were unaffected. For tests of
the full against the paternal model, coefficients Pmat(j)
and Pd(j) were shuffled across individuals but paternal
coefficients, Ppat(j), were not changed. This created data
under the paternal model (amat = 0 and d = 0). Simi-
larly, coefficients Ppat(j) and Pd(j) were shuffled for the
test of the full against the maternal model.
Simulation. To validate the significance thresholds
derived by the permutation tests, a pedigree and data
structure similar to that of the Berkshire-Yorkshire
population was simulated with a total of 512 F2 indi-
viduals. Marker data were simulated for all animals
for a chromosome of 90 cM with seven evenly spaced
markers. Each marker locus had four line-specific al-
leles with frequencies between 0.05 and 0.80, which
were chosen to result in similar information content
as observed in the data. A biallelic QTL was simulated
between the fifth and sixth marker. Data sets with
an additive Mendelian or a paternally expressed QTL
were simulated, with effects (a or apat) equal to 0.25
phenotypic standard deviation. Animals of the founder
generation were either fixed for alternate QTL alleles
or segregating at frequencies of 0.7 and 0.3 in the
two parental breeds. A total of 10,000 replicates was
simulated and analyzed using the statistical models
described previously to derive empirical chromo-
somewise significance thresholds for tests of the full
model against the Mendelian and paternal models.
Three randomly chosen simulated data sets with a
paternally expressed QTL were used to obtain signifi-
cance thresholds for the test of the full against the
Mendelian model by the permutation test described
previously, using 20,000 shuffles of the data. Simi-
larly, three random data sets from theMendelian QTL
simulation were permuted to obtain significance
thresholds for the test of the full against the paternal
model. Thresholds derived by permutation were com-
pared with those derived by simulation.
Results
Marker Linkage Maps
Linkage maps that were derived after adding new
markers were in good agreement with previous maps
estimated by Malek et al. (2001a). Map length only
changed significantly for SSC2 and was extended by
13 cM because two additional markers were added to
the proximal end. Generally, marker order did not
change and only in cases where markers were tightly
linked. In what follows, the terms proximal, central,
and distal will be used to describe chromosomal posi-
tions relative to the zero point of the linkage map, with
the orientation of the linkage maps corresponding to
those given by Rohrer et al. (1996).
Significance Thresholds
Chromosomewise and genomewise thresholds de-
rived by permutation of the actual data are in Table
1 for each of the seven tests conducted. For a given
test, thresholds were fairly uniform across the five
traits and across chromosomes (results not shown).
Significance thresholds for the test of the Mendelian
against the null model were similar to those obtained
by Malek et al. (2001a). Thresholds were similar for
tests with equal numerator degrees of freedom and
were greater for tests with a lower number of degrees
of freedom.
Thresholds obtained from the actual data for tests
of the full against the Mendelian and paternal models
were similar to those obtained from data sets simu-
lated under their respective null hypotheses (Table 2).
Also, significance thresholds derived by permutation
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Table 1. Chromosome- and genomewise significance thresholds at the 5 and 1% level
derived by permutation test for the Berkshire-Yorkshire population for seven tests of
alternative modelsa
Statistical testb
Men/ Full/ Full/ Full/ Full/ Pat/ Mat/
Item Null Null Men Pat Mat Null Null
Threshold type Level 2 dfc 3 df 1 df 2 df 2 df 1 df 1 df
Chromosomewised 5% 4.96 4.12 6.96 5.11 5.04 6.90 7.14
1% 6.78 5.40 10.15 6.90 6.85 10.30 10.42
Genomewise 5% 8.24 6.45 12.83 8.23 8.14 12.94 13.16
1% 9.96 7.69 16.16 9.96 9.94 16.31 16.52
aAverage thresholds of five representative traits: carcass weight, last-rib backfat, loin muscle area, choles-
terol content, and marbling.
bMen = Mendelian model; Full = full model; Pat = paternal model; Mat = maternal model; Null = no QTL
model.
cNumerator degrees of freedom for the test statistic, based on the difference in number ofmodel parameters.
dThresholds averaged over chromosomes.
from three randomly chosen data sets were similar to
those derived by simulation (Table 2). Thresholds by
permutation are specific to the data set and, therefore,
can vary to some degree from replicate to replicate.
When applying thresholds derived by permutation to
the 10,000 simulated replicate data sets under the
null hypothesis, Type I error rates also showed good
agreement with the desired Type I error rates of 1, 5,
and 10% (Table 2). Segregation at the QTL within the
Table 2. Chromosomewise significance thresholds and Type I error rates for F-statistics
of tests of the full against the Mendelian (Men) and paternal (Pat) expression models, as
derived by simulation (10,000 replicates under the null hypothesis) and by permutation
tests (20,000 permutations) of three randomly chosen simulated data setsa
Permutation test thresholds (thr) and Type I error rates (%)
for three random simulated data setsab
Parental Thresholds Data set 1 Data set 2 Data set 3
breed QTL Significance from
frequencies level simulation thr % thr % thr %
Test of the full against the Mendelian model
0.7/0.3 10% 5.51 5.12 11.96 5.11 12.00 5.36 10.88
5% 6.91 6.42 6.43 6.50 6.05 6.71 5.45
1% 10.19 9.45 1.47 9.65 1.34 9.81 1.27
1.0/0.0 10% 5.47 5.44 10.20 5.39 10.45 5.67 9.14
5% 6.77 6.80 4.96 6.76 5.05 7.08 4.14
1% 9.65 10.19 0.71 10.07 0.82 10.37 0.67
Test of the full against the paternal model
0.7/0.3 10% 4.16 4.23 9.61 4.15 10.30 4.21 9.79
5% 4.93 5.06 4.36 4.94 4.92 5.03 4.49
1% 6.75 6.84 0.97 6.64 1.01 6.82 0.96
1.0/0.0 10% 4.18 4.21 9.51 4.18 9.76 4.13 10.16
5% 5.03 5.01 5.12 4.96 5.29 4.93 5.36
1% 6.64 6.92 0.75 6.72 0.96 6.78 0.90
aSimulated data sets were for a biallelic additive QTL with a (paternal) allele substitution effect equal
to 0.25 phenotypic standard deviation and allele frequencies fixed (1.0/0.0) or segregating (0.7/0.3) in alternate
parental breeds.
bType I error rate when the threshold obtained by permutation test was applied to the 10,000 data sets
simulated under the null hypothesis.
cThree data sets were chosen from data sets simulated with a paternal QTL for tests of the full against
the Mendelian model and from data sets simulated with a Mendelian QTL for tests of the full against the
paternal model.
parental breeds, which can result in spurious detection
of imprinted QTL (de Koning et al., 2002), tended to
increase Type I error rates for the simulated data, but
not to a large degree.
Mendelian QTL Scan
Fifty-one QTL were detected at the 5% chromo-
somewise level for growth and composition traits, of
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Table 3. New evidence of QTL detected by the Mendelian model at the 5% chromosomewise level compared to Malek
et al. (2001a,b)
QTL position estimates
QTL effect estimatesc
No. of cM from
new proximal
Chromosome Traita markersb F-value Marker interval marker Additive Dominance
1 48-h loin pH 3 5.3 SW974–SW373 11 0.03 −0.02
1 Color score 3 5.2 SW974–SW1301 18 0.08 0.07
2 Average backfat, cm 5 9.5* SW2443–SW2623 1 0.14 −0.01
2 Last-rib backfat, cm 5 7.4 SW2443–SW2623 1 0.12 −0.00
2 Lumbar backfat, cm 5 9.7* SW2443–SW2623 0 0.17 −0.03
2 Tenth-rib backfat, cm 5 5.8 SW2443–SW2623 1 0.13 −0.00
2 16-d weight, kg 5 5.8 SW1686–SW766 14 −0.00 0.44
2 Gain to weaning, kg/d 5 6.3 SW1686–SW1408 15 −0.00 0.02
2 Drip loss, % 5 8.3* SW2445–SW766 15 0.49 0.17
2 Off-flavor score 5 10.0** SW2445–SW766 20 0.49 0.28
2 Firmness 5 6.2 SW2445–SW766 28 −0.14 −0.00
2 24-h loin Hunter 5 5.4 S0565–SWR308 11 0.78 1.06
5 Water-holding capacity, g 2 7.0 SW995–SW378 12 0.02 −0.02
6 Chewiness score 1 6.1 SW1038–SWR1130 9 −0.11 −0.28
7 48-h loin Minolta 2 6.8 SW2040–SW1083 9 0.54 −0.66
8 24-h ham Minolta 1 5.0 SW1551– SPP1 1 −0.38 0.74
9 Loin muscle area, cm2 4 6.0 S0024–SW911 0 −0.69 −1.45
9 16-d weight, kg 4 6.0 S0024–SW911 3 0.11 0.37
9 16-d weight, kg 4 6.1 SW1651–SW1349 4 0.18 0.34
9 Gain to weaning, kg/d 4 6.3 SW1651–SW1349 4 0.00 0.02
9 Off flavor score 4 6.0 SW2401–SW2093 25 −0.32 −0.42
10 Carcass yield, kg 1 5.5 SWR198 – SWR493 18 0.42 −0.51
10 Last-rib backfat, cm 1 5.1 SWR198–SWR493 19 0.10 −0.11
10 Star probe force, kg 1 8.2* SWR198–SWR493 15 −0.20 −0.08
12 Carcass yield, kg 1 4.9 SWC23–SW2180 12 0.19 0.71
14 Star probe force, kg 2 6.1 SW1027–S0007 19 −0.13 0.16
15 Tenth-rib backfat, cm 3 6.9 SW120–SW1983 1 −0.10 −0.14
15 Drip loss, % 3 7.5 SW1263–SW120 0 −0.39 0.36
15 Off-flavor score 3 5.8 SW1263–SW120 1 −0.37 0.24
aSee Malek et al. (2001a,b) for trait definitions.
bNumber of new markers added on chromosome compared to Malek et al. (2001a).
cAdditive (a) and dominance (d) QTL effects correspond to genotype values of +a, d, and −a for, respectively, individuals having inherited
two Berkshire alleles, heterozygotes, and individuals with two Yorkshire alleles. Positive additive effects indicate that Berkshire alleles
increased the trait, negative that the Berkshire alleles decreased it. Dominance effects are relative to the mean of the two homozygotes.
Standard errors of estimates were 0.01.
*Significant at 5% genomewise.
**Significant at 1% genomewise.
which 22 and 9 were significant at the 5 and 1% ge-
nomewise level. Compared with QTL detected by Ma-
lek et al. (2001a), 14 new growth and composition QTL
were detected, of which two were significant at the 5%
genomewise level (Table 3). On the other hand, four
QTL detected by Malek et al. (2001a) were no longer
significant (for average backfat on SSC1, last-rib back-
fat on SSC12, carcass weight on SSC7, and for carcass
length on SSC11), although most were close to sig-
nificant.
For meat quality traits, a total of 72 QTL were de-
tected, of which 9 and 3 were significant at the 5 and
1% genomewise levels. The increase of markers in re-
gions of interest discovered 15 new meat quality QTL
at the 5% chromosomewise level, of which 2 were sig-
nificant at the 5% genomewise level and 1 at the 1%
genomewise level (Table 3). Nine of the original meat
quality QTL (Malek et al. 2001b) were not significant
anymore at the 5% chromosomewise level (for color
and flavor on SSC2, drip loss and glycogen on 11, chew-
iness on 12, 24-h ham pH on 14, juiciness on 17, choles-
terol on 18, and for off-flavor on X).
Compared with Malek et al. (2001a,b), new QTL
were generally in regions in which markers were
added. On SSC1, new QTL were detected for loin pH
and color score (Table 3), in the same region where
Malek et al. (2001b) detected a QTL for drip loss. After
increasing the map length of SSC2 in the proximal
area by 13 cM, new QTL were detected in that region
for traits related to backfat, of which QTL for average
and lumbar backfat were significant at the 5% ge-
nomewise level (Table 3; Figure 2A). Adding another
marker to position 63 on SSC2 resulted in detection of
a newQTL for early growth (Table 3), near a previously
detected QTL for growth on test (Malek et al., 2001a).
Addition of this marker also resulted in detection of
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Figure 2. New evidence for QTL on A) chromosome 2 and on B) chromosome 15 compared with Malek et al.
(2001a,b) based on a Mendelian genome scan with the addition of several markers (boldface).
Thomsen et al.2220
new QTL for firmness (5% chromosomewise), proximal
to a suggestive firmness QTL detected by Malek et al.
(2001b), and substantial increases in significance of a
QTL for off-flavor score (1% genomewise significance)
and of a QTL for drip loss (5% genomewise; Table 3;
Figure 2A), proximal to a previously detected QTL
for water-holding capacity (Malek et al., 2001b). To
increase informativeness, a marker was also added at
the distal end of SSC2, where several traits showed
QTL at the end of the marker map (Malek et al.
2001a,b), but no markers were available to extend the
map. This resulted in small changes in significance of
QTL and the loss of a suggestive QTL for color score.
A new QTL for Hunter reflectance in the loin was also
identified at the distal end of SSC2 (Table 3), in the
same region as previously identified QTL for other
reflectance related traits.
Two additional markers in the distal region of SSC5
enabled detection of a new QTL for water-holding ca-
pacity (Table 3), in the same region where suggestive
QTL for loin pH and reflectance were identified by
Malek et al. (2001b). Significance of QTL for backfat
traits in this region increased to the 1% genomewise
level (Table 3). On SSC6, a QTL for chewiness score
became significant in the same region as a previously
detected QTL for pH in the ham (Table 3, Malek et
al., 2001b). Addition of two markers in the central
region of SSC7 resulted in loss of a suggestive QTL
for carcass weight but the addition of a QTL for re-
flectance in the loin measured by Minolta, in the same
region as a previously detectedQTL for loin reflectance
using Hunter (Malek et al., 2001b). On SSC8, addition
of a central marker resulted in a QTL for Minolta
reflectance in the ham reaching significance (Table 3),
whereas a similarly positioned QTL for Hunter re-
flectance remained just below significance.
Addition of four markers across SSC9 resulted in
new QTL for early growth in proximal and distal re-
gions that had previously detectedQTL for 16-dweight
and average daily gain on test (Table 3). A new QTL
for loin muscle area was also detected in the proximal
region, and a newQTL for off-flavor score was detected
in the central region. Addition of a central marker on
SSC10 resulted in borderline significance of new QTL
for carcass weight and last-rib backfat and in an in-
crease in significance to the 5% genomewise level of a
QTL for Star probe force (Table 3). Addition of a distal
marker on SSC12 resulted in a suggestive distal QTL
for carcass weight but in loss of previous suggestive
QTL for last-rib backfat and chewiness score (Table
3). Addition of two markers to SSC14 resulted in a
suggestive QTL for Star probe force in the central re-
gion that had a previous QTL for cooking loss percent
(Table 3). A distal QTL for hampHwas lost. On SSC15,
addition of three markers to the second half of the
chromosome resulted in new central QTL for backfat
thickness, average drip loss, and off-flavor score (Table
3; Figure 2B). These QTL were in a region around and
proximal to previously detected strong QTL related
to pH, glycolytic potential, and tenderness, and near
PRKAG3, which has been shown to have a significant
effect on meat quality (Ciobanu et al., 2001). Finally,
addition of markers to chromosomes 17, 18, and X,
resulted in lost suggestive QTL for juiciness, choles-
terol, and off-flavor score.
QTL with Parent-of-Origin Effects
The main emphasis of this study was to determine
the mode of expression of QTL. Details on QTL for
which parent-of-origin effects were detected are given
in Table 4. A total of 33 QTL with parent-of-origin
effects were detected at the 5% chromosomewise level,
of which 11, 6, and 9were significant at the 1% chromo-
somewise, and at the 5 and 1% genomewise levels
based on their inferred mode of expression. All but 12
of these QTL were not detected by the Mendelian
model.
The central region of SSC1 showed evidence of a
paternally expressed, most likely pleiotropic QTL,
with effects on backfat traits and on loin muscle area
(Table 4). For average and last-rib backfat, theMende-
lian model was significant at the 5% chromosomewise
level (Table 4, Figure 3A). Following the decision tree
in Figure 1, the full model was significant over the
Mendelian model, which implied a QTL with parent-
of-origin effects for this region. Paternal expression
was inferred because the full model did not explain
significantly more variation than the paternal model
in the same chromosomal region, but the full model
was significant over the maternal model (significant
at the 1% genomewise level). Effects on 10th-rib back-
fat and loin muscle area were not detected by the Men-
delian model and a parent-of-origin effect was inferred
based on significance of the full over the null model.
A paternally expressed QTL was detected at the
proximal end of chromosome 2 for backfat traits (Table
4, Figure 3C). Backfat traits showed significance at the
1% chromosomewise level for the Mendelian model.
Parent-of-origin effects were inferred because the full
model was significant over the Mendelian model. Cor-
responding tests of the full over the paternal model
were not significant, but tests of the full over the ma-
ternal model were significant, at the 1% chromo-
somewise level. The final test, of the paternal over the
nullmodel, confirmed a paternally expressed QTL that
was significant at the 1% genomewise level. The same
region showed a paternally expressed QTL for loin
muscle area, which was not detected by the Mendelian
model (Table 4; Figure 3D). This region is known to
contain the IGF2 gene near the second marker on our
map (SWC9), which has been shown previously to be
paternally expressed (Morison et al., 2001). Pig chro-
mosome 2 also showed two maternally expressed QTL
in the distal part of SSC2, for reflectance and pH in
the loin (24-h loin Hunter and 48-h loin pH; Table 4).
Parent-of-origin effects were also be identified on
SSC3 for off-flavor score (Table 4, Figure 3B). Two
Characterization of QTL in pigs 2221
T
ab
le
4.
Q
ua
nt
it
at
iv
e
tr
ai
t
lo
ci
w
it
h
ev
id
en
ce
of
pa
re
nt
-o
f-
or
ig
in
ef
fe
ct
s
fo
r
gr
ow
th
an
d
bo
d
y
co
m
po
si
ti
on
tr
ai
ts
at
th
e
5%
ch
ro
m
os
om
e-
w
is
e
le
ve
l
S
ig
n
ifi
ca
n
ce
of
te
st
s
fo
r
pr
es
en
ce
an
d
m
od
e
of
in
h
er
it
an
ce
of
Q
T
L
a
E
st
im
at
es
fo
r
in
fe
rr
ed
m
od
e
of
ex
pr
es
si
on
In
fe
rr
ed
F
-v
al
u
e
P
os
it
io
n
(c
M
M
en
/
F
u
ll
/
F
u
ll
/
F
u
ll
/
F
u
ll
/
m
od
e
of
vs
.
N
u
ll
fr
om
pr
ox
im
al
S
S
C
T
ra
it
M
ar
ke
r
in
te
rv
al
N
u
ll
N
u
ll
M
en
P
at
M
at
ex
pr
es
si
on
m
od
el
m
ar
ke
r)
E
ff
ec
t
(S
E
)b
1
A
ve
ra
ge
ba
ck
fa
t,
cm
S
03
12
–S
W
37
3
*
**
*
*
**
**
pa
te
rn
al
19
.3
**
**
26
−
0.
12
(0
.
03
)
1
L
as
t-
ri
b
ba
ck
fa
t,
cm
S
03
12
–S
W
37
3
*
**
*
*
**
**
pa
te
rn
al
21
.8
**
**
24
−
0.
13
(0
.
02
)
1
T
en
th
-r
ib
ba
ck
fa
t,
cm
S
03
12
–S
W
97
4
*
*
*
pa
te
rn
al
10
.7
**
25
−
0.
11
(0
.
03
)
1
L
oi
n
m
u
sc
le
ar
ea
,
cm
2
S
03
12
–S
W
97
4
*
*
pa
te
rn
al
13
.6
**
22
0.
97
(0
.
26
)
2
A
ve
ra
ge
ba
ck
fa
t,
cm
S
W
24
43
–S
W
24
45
**
**
*
*
**
**
pa
te
rn
al
24
.9
**
**
2
0.
12
(0
.
02
)
2
T
en
th
-r
ib
ba
ck
fa
t,
cm
S
W
24
43
–S
W
24
45
*
*
*
**
pa
te
rn
al
18
.8
**
**
5
0.
13
(0
.
02
)
2
L
u
m
ba
r
ba
ck
fa
t,
cm
S
W
24
43
–S
W
24
45
**
**
**
pa
te
rn
al
20
.9
**
**
4
0.
14
(0
.
02
)
2
L
as
t-
ri
b
ba
ck
fa
t,
cm
S
W
24
43
–S
W
24
45
**
**
*
**
**
pa
te
rn
al
19
.0
**
**
2
0.
10
(0
.
02
)
2
L
oi
n
m
u
sc
le
ar
ea
,
cm
2
S
W
24
43
–S
W
24
45
**
*
**
**
**
pa
te
rn
al
18
.2
**
**
8
−
1.
00
(0
.
23
)
2
24
-h
lo
in
H
u
n
te
r
S
W
18
44
–S
W
R
30
8
*
*
*
m
at
er
n
al
10
.6
*
9
0.
82
(0
.
25
)
2
48
-h
lo
in
pH
S
W
18
44
–S
W
R
30
8
*
*
*
m
at
er
n
al
13
.8
**
*
10
−
0.
03
(0
.
00
)
3
O
ff
-fl
av
or
sc
or
e
S
W
14
43
–S
W
24
08
*
*
pa
te
rn
al
10
.7
**
14
−
0.
24
(0
.
10
)
4
C
ar
ca
ss
yi
el
d,
kg
S
W
51
2–
S
W
85
6
**
*
**
pa
te
rn
al
18
.2
**
**
46
0.
49
(0
.
11
)
5
D
ri
p
lo
ss
,
%
S
W
41
3–
S
W
2
*
*
pa
te
rn
al
12
.6
**
27
0.
28
(0
.
07
)
6
T
ot
al
li
pi
d,
%
S
W
32
2–
S
W
20
52
*
*
*
m
at
er
n
al
7.
0
8
−
0.
16
(0
.
06
)
9
D
ri
p
lo
ss
,
%
S
W
24
01
–S
W
17
4
*
*
m
at
er
n
al
12
.4
**
38
−
0.
29
(0
.
08
)
9
24
-h
lo
in
H
u
n
te
r
S
W
24
01
–S
W
17
4
**
*
**
*
m
at
er
n
al
16
.5
**
*
40
−
0.
86
(0
.
21
)
9
48
-h
lo
in
M
in
ol
ta
S
W
24
01
–S
W
17
4
*
*
m
at
er
n
al
12
.9
**
40
−
0.
49
(0
.
13
)
9
O
ff
-fl
av
or
sc
or
e
S
W
14
91
–S
W
24
01
*
**
*
**
m
at
er
n
al
16
.2
**
*
14
−
0.
34
(0
.
08
)
10
T
en
th
-r
ib
ba
ck
fa
t,
cm
S
W
R
13
6–
S
W
44
3
*
*
*
m
at
er
n
al
12
.2
**
3
−
0.
12
(0
.
03
)
10
M
ar
bl
in
g
sc
or
e
S
W
R
13
6–
S
W
44
3
*
*
*
m
at
er
n
al
14
.5
**
*
0
−
0.
12
(0
.
03
)
10
L
oi
n
m
u
sc
le
ar
ea
,
cm
2
S
W
R
49
3–
S
W
16
26
**
**
*
pa
te
rn
al
7.
3*
8
0.
72
(0
.
26
)
10
C
h
ol
es
te
ro
l,
m
g/
10
0g
S
W
16
26
–S
W
20
67
*
*
*
m
at
er
n
al
11
.8
**
17
1.
31
(0
.
38
)
11
C
ar
ca
ss
le
n
gt
h
,
cm
S
03
85
–S
W
16
32
**
*
**
m
at
er
n
al
14
.4
**
*
3
−
0.
35
(0
.
09
)
12
T
en
th
-r
ib
ba
ck
fa
t,
cm
S
W
C
23
–S
W
21
80
*
*
*
m
at
er
n
al
8.
5*
12
0.
09
(0
.
03
)
14
24
-h
h
am
H
u
n
te
r
S
W
85
7–
S
W
C
6
*
*
*
*
m
at
er
n
al
9.
7*
17
−
0.
44
(0
.
14
)
15
L
ac
ta
te
,

m
ol
/g
S
W
12
0–
S
W
93
6
*
*
m
at
er
n
al
12
.1
**
6
−
1.
89
(0
.
54
)
15
T
en
de
rn
es
s
sc
or
e
S
W
96
4–
S
W
19
83
*
**
*
**
m
at
er
n
al
18
.3
**
**
13
0.
23
(0
.
05
)
16
24
-h
lo
in
H
u
n
te
r
S
W
25
17
–S
01
05
*
*
*
m
at
er
n
al
7.
7*
25
−
0.
66
(0
.
23
)
17
G
ai
n
to
w
ea
n
in
g,
kg
/d
S
03
32
–S
W
24
31
*
**
*
m
at
er
n
al
8.
8*
1
0.
01
(0
.
00
)
17
16
-d
w
ei
gh
t,
kg
S
03
32
–S
W
24
31
*
**
*
*
m
at
er
n
al
10
.4
**
1
0.
17
(0
.
05
)
18
G
ly
co
ge
n
,

m
ol
/g
S
W
19
84
–S
01
20
**
**
*
pa
te
rn
al
14
.8
**
*
3
−
0.
56
(0
.
14
)
18
T
en
th
-r
ib
ba
ck
fa
t,
cm
S
W
10
23
–S
W
19
84
*
*
m
at
er
n
al
10
.4
**
0
−
0.
09
(0
.
02
)
a S
eq
u
en
ce
of
te
st
s
is
ba
se
d
on
th
e
de
ci
si
on
tr
ee
of
F
ig
u
re
1.
b E
st
im
at
ed
ef
fe
ct
s
fo
r
th
e
in
fe
rr
ed
ge
n
et
ic
m
od
el
.
T
h
e
ef
fe
ct
is
ex
pr
es
se
d
as
th
e
di
ff
er
en
ce
of
th
e
ef
fe
ct
of
th
e
Y
or
ks
h
ir
e
fr
om
th
e
B
er
ks
h
ir
e
al
le
le
.
*S
ig
n
ifi
ca
n
t
at
5%
ch
ro
m
os
om
ew
is
e
le
ve
l.
**
S
ig
n
ifi
ca
n
t
at
1%
ch
ro
m
os
om
ew
is
e
le
ve
l.
**
*S
ig
n
ifi
ca
n
t
at
5%
ge
n
om
ew
is
e
le
ve
l.
**
**
S
ig
n
ifi
ca
n
t
at
1%
ge
n
om
ew
is
e
le
ve
l.
Thomsen et al.2222
Figure 3. Tests for QTL with parent-of-origin effects on average backfat on A) chromosome 1, for B) off-flavor score
on chromosome 3, and for C) average backfat and D) loin muscle area on chromosome 2.
separate QTL are reported in Table 4, one maternally
expressed and an adjacent QTL that is paternally ex-
pressed. Following the decision tree, this could also
represent a single QTL that is partially expressed. The
distinction between these two possibilities is not clear
because significance of the full over the paternal vs.
the maternal models switched right next to the QTL
region, where the test of the full over the null model
showed significance (Figure 3B).
Several QTL with maternal expression were de-
tected in the same marker interval in the central re-
gion of SSC9 for traits related to meat quality, includ-
ing drip loss, light reflectance in the loin, and off-flavor
score (Table 4). Only the QTL for off-flavor score was
detected under the Mendelian model. Maternally ex-
pressed QTL were identified on SSC10 for 10th-rib
backfat and marbling in the proximal region and for
cholesterol in the distal region (Table 4). A paternally
expressed QTL was identified for loin muscle area in
the central region (Table 4 and Figure 4A). Only the
QTL for marbling was also detected using the Mende-
lian model.
Another genomic regionwithmultipleQTLwith par-
ent-of-origin effects was identified in the distal region
of SSC17 (Table 4, Figure 4B), where maternally ex-
pressed QTL were detected for 16-d weight and aver-
age daily gain to weaning (not shown). Chromosome
18 also showed parent-of-origin effects for two traits
but in different regions (Table 4); a paternally ex-
pressed QTL for glycogen in the center of the chromo-
some and a maternally expressed QTL for 10th-rib
backfat in the proximal region. Single parent-of-origin
effects were identified on chromosomes 4, 5, 6, 11, 12,
14, and 16.
Discussion
This study has achieved three objectives: 1) to ex-
tend a previous scan by Malek et al. (2001a,b) for Men-
delian QTL in one of the first crosses between two
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Figure 4. Tests for QTL with parent-of-origin effects on loin muscle area in the distal region of A) chromosome 10
and B) for 16-d weight in the distal region of chromosome 17.
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commercially used breeds of swine, Berkshire and
Yorkshire, by genotyping another 33 markers in re-
gions of interest; 2) to further develop tests for detec-
tion of QTL with parent-of-origin effects; and 3) to
implement these methods to further characterize QTL
for growth and meat quality traits in the Berkshire-
Yorkshire cross. Results obtained for these objectives
will be further discussed in the following.
Mendelian QTL Scan
Results of the new genome scan were in general
consistent with the previously reported results on the
same cross by Malek et al. (2001a,b), where a less
complete marker map was used. The increase of mark-
ers in regions of interest helped to uncover several
QTL that did not reach the suggestive level of signifi-
cance (5% chromosomewise) under the previous scan
and increased the level of significance of others. On
the other hand, several QTL that reached significance
in the previous scan dropped below the level of sugges-
tive significance, indicating that they may have been
false-positives. Nevertheless, the new scan resulted in
a net increase in the number of significant QTL at the
chromosome- and genomewise levels. Positions of most
QTL did not change at all or only slightly.
The increase in the number of QTL detected was
achieved by increasing the information content in
some areas. The most notable example is in Figure
2A for the marker interval SW2445-SW766 on SSC2,
where F-values for off-flavor score and drip loss in-
creased compared with the initial results of Malek et
al. (2001b) and reached genomewise significance after
adding marker SW1686. A new QTL for firmness was
also detected in the same region. Significant QTL for
backfat traits were also detected in the proximal area
of SSC2 after extending the map by genotyping two
additional markers (Figure 2A). This region harbors
the IGF2 gene, which has strong effects on muscle
mass and fat deposition (Nezer et al., 1999; Jeon et
al., 1999; de Koning et al., 2001a). New markers in
the distal region of SSC5 allowed identification of a
new QTL for water-holding capacity and an increase
in significance to the 1% genomewise level of QTL
related to backfat. Knott et al. (1998) also identified
QTL for backfat traits on SSC5, although not in exactly
the same region, but Milan et al. (2002) found QTL
for leanness traits on SSC5 in the same chromosomal
region as in the current study. New QTL were also
discovered on several other chromosomes. Although
not every newly detected QTL can be confirmed by
literature because the definition of traits are different
or the traits have not been analyzed in other studies,
our findings are consistent with previous results from
this cross, as reported byMalek et al. (2001a,b) regard-
ing the segregation of important QTL for growth and
meat quality traits between the Berkshire and York-
shire breeds.
QTL with Parent-of-Origin Effects
Methods for Detection. The standard strategy for
QTL detection using least squares regression involves
fitting the Mendelian model at each position along the
chromosome, identifying the position with the highest
test statistic, and determining its level of significance.
With the advent of searches for QTL with parent-of-
origin-effects (e.g., Knott et al., 1998; de Koning et al.,
2000), a complication is added by the need to choose
among several alternative models, each of which can
be fitted along the chromosome and tested against al-
ternative models. This opens a debate about the best
sequence and type of tests to conduct, at which posi-
tions to conduct these tests, and of the significance
thresholds levels to use.
Knott et al. (1998) proposed to detect QTL with par-
ent-of-origin effects by testing a full model against the
Mendelian model based on a comparisonwise test at
the best position for the Mendelian model. Their full
model was the same as the Mendelian model but with
addition of an effect for the contrast between the two
types of heterozygotes (12 vs. 21). De Koning et al.
(2000) solved for the inability of the imprinting model
of Knott et al. (1998) to identify the mode of expression
(paternal or maternal) by reparameterizing this model
by fitting separate effects of paternal and maternal
alleles, equivalent to the full model fitted in this study.
They compared their full model with models that con-
tained only the paternal or the maternal effect. Im-
printing was inferred if one of the parental contribu-
tions was significant from zero and the contribution
from the other parent and dominance were not signifi-
cant. This test does, however, not evaluate whether
the two parental contributions are different from each
other, which is needed to test for significant deviations
from Mendelian expression. In addition, the test was
conducted at a comparisonwise level at the best posi-
tion for the imprinting model, which may be different
from the best position for the Mendelian model. The
same test was applied in de Koning et al. (2001a,b).
Recently, de Koning et al. (2002) used simulation to
compare three alternative tests to identify QTL with
parent-of-origin effects. All tests were applied to cases
in which a significant QTL was detected using either
the paternal or the maternal expression model. Their
first test was identical to our test of the full model
against the Mendelian model and to the test of Knott
et al. (1998), except it was carried out at the position
of the best QTL using a comparisonwise threshold. In
contrast, Knott et al. (1998) conducted the test at the
best position for the imprinted QTL, whereas our test
of the full against the Mendelian model was evaluated
against a chromosomewise threshold. The second test
evaluated by de Koning et al. (2002) was identical to
the test used by de Koning et al. (2000, 2001a,b): the
full model was evaluated against the significant im-
printing model at the best position of the imprinted
QTL. Their third test inferred imprinting only if both
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the first and second tests pointed toward imprinting.
De Koning et al. (2002) showed that, although the first
test is in general more liberal in declaring imprinted
QTL, the first and second tests could lead to higher
than desired rates of detection of spurious imprinting
in some situations, in particular when the QTL was
segregating within the parental breeds and the num-
ber of F1 sires was low. Applying both tests simultane-
ously was the least liberal in declaring imprinting.
The testing procedure for imprinting that was em-
ployed in the current study differs from the tests pro-
posed by de Koning et al. (2002) in both the sequence
of tests and the derivation of significance thresholds.
Both will result in a more stringent test for declaring
imprinting compared with the test used by de Koning
et al. (2000, 2001a,b) and is the main reason for the
lower proportion of QTL with parent-of-origin effects
in this compared with their studies. The main justifi-
cation for a somewhat conservative attitude toward
declaring imprinting is that imprinting should be con-
sidered as the exception rather than the rule. Thus,
substantial evidence is needed to reject Mendelian ex-
pression. This also provided the basis for the sequence
of tests that was used to declare parent-of-origin ef-
fects in the current study (see Figure 1). Thus, the
genome was first scanned using the Mendelian model,
followed by tests of the full against the Mendelian
model in regions where the Mendelian model was sig-
nificant, and by tests of the full against the no QTL
model in regions where the Mendelian model was not
significant. Compared with the approach of de Koning
et al. (2000, 2002), who conducted a complete scan of
the genome using theMendelian, paternal, andmater-
nal expression models, this approach may identify
slightly fewer QTL regions because the larger degrees
of freedom of the full model reduces the power to detect
QTL that are truly imprinted. Once imprinting has
been declared based on the first set of tests, the re-
mainder of the decision tree (Figure 1) involves de-
termining the nature of the parent-of-origin effect, by
testing the full model against both the paternal and
maternal expression models.
The second difference between the tests for im-
printing proposed here vs. those used previously is the
way in which significance thresholds were determined.
In contrast to the comparisonwise tests conducted at
either the best position for the Mendelian QTL (Knott
et al., 1998) or at the best position for the imprinted
QTL (de Koning et al. 2000, 2001a,b, 2002), chromo-
somewise thresholds were used here. The rationale for
using chromosomewise thresholds for comparison of
alternative expression models is that the best position
may differ between models and estimates of position
have large confidence intervals, often covering a large
part of the chromosome. Thus, models must be com-
pared across the QTL region, which involves multiple
correlated tests.
We developed specialized permutation tests to ac-
count for themultiple tests conducted when comparing
twomodels. Simulation results (Table 2) demonstrated
that these tests result in appropriate control of type I
errors. One limitation of the derived thresholds is that
the tests, as implemented in the decision tree, are not
independent but thresholds were derived for each step
in the decision tree, without taking results from previ-
ous steps into account. In principle, thresholds must
be derived conditional on previous decisions but this
overly complicates the permutation strategy. Despite
this limitation, we can state that our strategy enables
detection of both QTL showing Mendelian inheritance
and QTL showing parent-of-origin effects and that it
is able to distinguish QTL with parent-of-origin effects
from those with Mendelian expression.
It is important to note that evidence of parent-of-
origin effects identified using this strategy does not
necessarily imply imprinting. Parent-of-origin effects
in an F2 design such as analyzed here, can also be
caused by QTL that segregate within the parental
breeds, which can cause a different frequency of QTL
alleles among F1 dams vs. F1 sires, in particular if the
number of F1 parents is small, as demonstrated by de
Koning et al. (2002). Our simulation results (Table 2),
however, demonstrate that for our design and testing
strategy, segregation of QTL does not result in a large
increase in false-positive rates for tests for imprinting.
These simulations, as well as those of de Koning et al.
(2002), however, were based on the assumption that
markers and QTL are in equilibrium in the parental
breeds. This is important when considering that evi-
dence for parent-of-origin effects in an F2 design comes
frommarkers that segregate within the parental lines;
markers that are fixed for alternate alleles in the pa-
rental breeds, as is the case for inbred lines, do not
allow distinction of parental origin of alleles in hetero-
zygous F2 progeny because the progeny and both F1
parents have the same heterozyous genotype. Tracing
parental origin of marker alleles in heterozygous F2
progeny, therefore, requires the F1 sire and dam to
have inherited different marker alleles from at least
one of the parental breeds. This can result in false
detection of parent-of-origin effects forMendelianQTL
if the marker and QTL are in disequilibrium in the
parental breed (M. Georges, University of Liege, Bel-
gium, personal communication).
In this study, partial imprinting was inferred if both
thematernal and paternal allele had significant effects
but they were significantly different from each other,
as suggested by deKoning et al. (2002). Although alter-
native hypothetical models could explain such find-
ings, partial imprinting has been described by Jirtle
(1999) for the M6P/IGF2R gene in humans.
Detected QTL. Several regions with parent-of-origin
effects were identified in the Berkshire × Yorkshire
cross, using the proposed approach (Table 4). Although
the number of QTL with parent-of-origin effects was
much lower compared with results described by de
Koning et al. (2000, 2001a,b), Knott et al. (1998) identi-
fied only four QTL with parent-of-origin effects in two
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different regions across the entire genome, whereas
Quintanilla et al. (2002) detected three QTL showing
parent-of-origin effects on SSC9 by using similar
methods as Knott et al. (1998). Milan et al. (2002) also
used the approach of Knott et al. (1998) and identified
five regions showing parent-of-origin effects, on chro-
mosomes 6, 7, 9, and 17. Differences in numbers of
QTL with parent-of-origin effects are primarily deter-
mined by the approach for detection and the procedure
of significance testing, as well as by the number and
nature of traits and populations analyzed. Some QTL
with parent-of-origin effects detected in the current
study confirm results of de Koning et al. (2000,
2001a,b), Rattink et al. (2000), Nezer et al. (1999), and
Jeon et al. (1999), as will be discussed below.
One of the major regions shown to harbor QTL with
parent-of-origin effects in our study was on SSC1 for
backfat traits (Table 4, Figure 3A). So far, no other
study has detected parent-of-origin effects for backfat
traits within this region. This region might be of spe-
cial interest because this porcine genomic region may
be conserved in HSA15 (Goureau et al., 1996), in which
the Prader-Willi syndrome is harbored, which is
known to be affected by imprinting in humans (Buiting
et al., 2001).
The IGF2 region on SSC2 had several QTL with
strong paternal expression effects on muscle mass and
fat deposition (Table 4, Figure 2). These results con-
firm earlier studies by Nezer et al. (1999), Jeon et al.
(1999), and de Koning et al. (2000). Recently, Georges
et al. (2003) mapped the apparent causative polymor-
phism for this QTL to IGF2. Hirooka et al. (2001) iden-
tified a paternally expressed QTL for teat number in
the same genomic region.
Our results also identified maternal expression of a
QTL for lipid percent on SSC6, which partially con-
firms a maternally expressed QTL for drip loss in the
same region by de Koning et al. (2001a). De Koning
et al. (2001a) also identified a maternally expressed
QTL for intramuscular fat content about 50 cM proxi-
mal to our lipid percent QTL on SSC6. Although not
confirmed by other studies, we detected a Mendelian
QTL for chewiness score at 54 cM on SCC6, which is
correlated to sensory evaluations of the porcine longis-
simus muscle (Huff-Lonergan et al., 2001).
Several QTL with maternal expression for meat
quality traits were mapped to the same region of SSC9
(Table 4). These results agree with de Koning et al.
(2001a), who detected maternal expression for shear
force and pH in a similar region. Milan et al. (2002)
found QTL with parent-of-origin effects for belly
weight and the percentage of ham and loin in the car-
cass in the same region, but did not provide informa-
tion on the direction of expression (paternal vs. mater-
nal). Quintanilla et al. (2002) revealed imprinted QTL
affecting growth traits in the distal region of SSC9.
We identified Mendelian QTL for the same type of
traits in the same chromosomal region (Table 3).
Several QTL with parent-of-origin effects on growth
and meat quality traits were also identified on SSC10
(Table 4; Figure 4A). Within the distal region of our
paternally expressedQTL for loinmuscle area, deKon-
ing et al. (2001b) located a paternally expressed QTL
for early growth. Another QTL with parent-of-origin
effects on early growth was identified by Knott et al.
(1998) in the distal region of SCC10.
We also detected two QTL with parent of origin-
effects affecting meat quality traits on SSC15 (Table
4). Previous studies (Malek et al., 2001b) detected QTL
for meat quality on this chromosome using a Mende-
lian model, but, so far, no other study has detected
imprinted QTL on this chromosome.
Two maternally expressed QTL that influence per-
formance traits were detected on SSC17 (Table 4, Fig-
ure 4B). DeKoning et al. (2001b) also reported amater-
nally expressed QTL for lifetime growth on SSC17,
but the identified genomic region was about 75 cM
proximal to our QTL. Our results might be confirmed
by findings in humans because this porcine genomic
region is conserved in HSA20 (Lee et al., 2001). Davies
and Hughes (1993) have implicated GNAS1 as a ma-
ternally expressed gene in this conserved region in
humans for the inheritance pattern of Albright’s he-
reditary osteodystrophy.
Some QTL with parent-of-origin effects detected by
other studies could only be identified as Mendelian
QTL within our study. This includes QTL with parent-
of-origin effects on SSC4 identified by Knott et al.
(1998). We detected Mendelian QTL for lumbar and
last-rib backfat in a nearby region. De Koning et al.
(2001b) also detected a maternally expressed QTL for
growth on test in a similar region. De Koning et al.
(2000) also detected maternal expression of a QTL for
muscle depth on SSC7, which could not be confirmed in
our study. We did, however, detect several Mendelian
QTL, with significant effects on growth and composi-
tion, in the same chromosomal region.
Nature of Parent-of-Origin Effects. For most of the
QTL showing parent-of-origin effects, biological rea-
sons for the inherited mode are difficult to derive. Most
of the traits investigated here, in particular those re-
lated to meat quality, have not been considered in the
mouse or human, which are the two most extensively
studied species with regard to imprinting. Evolution-
ary reasons behind the presence of parent-of-origin
effects are also unclear, although several theories ex-
ist. One of the best accepted theories is based on the
conflict hypothesis, as proposed by Tycko and Morison
(2002), which seeks to explain the evolutionary devel-
opment of imprintingmechanisms by positing opposite
maternal vs. paternal “drives” to control allocation of
maternal resources to the conceptus. The father will
propagate his genome most efficiently if his germline
imprints genes in a pattern that promotes growth of
his offspring, both in utero and in the postnatal period.
The mother, by contrast, is postulated to propagate
her genome more successfully by imprinting genes to
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prevent undue metabolic demands on her resources
by any single conceptus or by any single pregnancy.
The conflict hypothesismodelmakes a strong predic-
tion that the mode of expression of a gene should corre-
late with its function. Genes that are paternally ex-
pressed are predicted to promote growth of the off-
spring or in some other way increase demands on
maternal resources, whereas maternally expressed
genes should have the opposite effect and tend to con-
serve resources to divide them among more offspring
and to maximize reproductive performance on the fe-
male. In our study, QTL with parent-of-origin effects
for growth-related traits tended to be paternally ex-
pressed (11 out of 17), whereas those for meat quality
QTL tended to be maternally expressed. Hermesch et
al. (2000) found nonzero genetic correlations between
reproduction traits and meat quality traits for Austra-
lian pigs, which may explain the excess of maternally
vs. paternally expressed QTL for meat quality traits.
Further research is, however, needed to evaluate
these conjectures.
Implications
This study has confirmed previous quantitative trait
loci for economic traits, identified several new quanti-
tative trait loci, and characterized theirmode of inheri-
tance using new statistical approaches to identify par-
ent-of-origin effects. Results are based on two commer-
cially used breeds, thereby making the results more
relevant to the industry. Follow-up research is needed
to further characterize these quantitative trait loci
using fine mapping or candidate gene approaches, and
to identify corresponding quantitative trait loci in
other crosses and within commercial breeds. This will
enable the use of these quantitative trait loci in the
industry, in particular those identified for meat qual-
ity, which is difficult to select for in conventional strat-
egies. Characterization of the mode of inheritance of
the quantitative trait loci is important to enable their
proper incorporation into selection programs and to
allow breeders to derive specific crossbreeding and
mating combinations to optimize the genetic constitu-
tion of animals in relation to their role in the produc-
tion system.
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